Study design Retrospective study. Objectives To perform quantitative DTI measurements of the entire cervical and thoracic spinal cord (SC) in typically developing (TD) pediatric subjects with incidental findings of syringomyelia or hydromyelia on conventional MRI and in a TD population without any abnormalities. Setting USA. Methods 26 TD recruited as part of large SC DTI study, four of these had incidental findings. Axial DTI images were acquired on 3T MR scanner to cover the cervical and thoracic SC. We performed group analysis of DTI values in the cord above and below the MR-defined lesion. For single-subject analysis, the cord above and below the lesion was compared to average values of TD population. A standard least squares regression model was used to compare DTI parameters fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) between TD population and subjects with hydromyelia and syringomyelia. A p value of 0.05 was used for statistical significance. Results In group analysis, MD and AD were significantly different in cord above the lesion in subjects with hydromyelia and syringomyelia (n = 4) compared to TD population (n = 22). For single-subject analysis, DTI parameters were significantly different in cord above the syringomyelia and below the syringomyelia; MD, AD, and RD were significantly different. A subject with hydromyelia showed significant difference in FA below the lesion. Conclusions This study demonstrates that DTI has the potential to be used as an imaging biomarker to evaluate SC above and below the congenital lesion in syringohydromyelia subjects.
Introduction
Syringomyelia and hydromyelia are abnormal fluid-filled cavitary benign lesions within the spinal cord (SC) that are uncommon to rare [1, 2] . Syringomyelia is characterized by a collection of cerebrospinal fluid in the intramedullary space within the SC [3, 4] , while hydromyelia is described as a dilatation of the central canal and ependymal lined. In contradistinction to hydromyelia, syringomyelia is lined by glial cells [5] . Syringomyelia occurs in 8.4 per 100,000 individuals in the United States [6] , however, the prevalence of syringomyelia in the general pediatric population is unknown [7] . In children, syringohydromyelia usually occurs in the setting of congenital anomalies, most commonly the Chiari-I malformation and tethered cord, but it can also develop years after meningitis and spinal trauma or with intramedullary and extramedullary tumors [8] . The estimated prevalence of syringomyelia associated with these conditions is between 1 in 1300 and 1 in 1900 respectively [9] . Diffusion tensor imaging (DTI) has been shown to assess the microstructural changes in patients with syringomyelia [10] . However, the prevalence of these abnormalities in the clinically normal pediatric population is uncommon to rare. Yan et al. described in a population of 23 patients, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] years old, with syringomyelia, that fractional anisotropy (FA) values above and below the syringomyelia were not statistically different compared to normals [10] . In our study of 26 typically developing (TD) pediatric subjects scanned, 16% had unexpected incidental findings of syringomyelia or hydromyelia on conventional magnetic resonance imaging (MRI). These incidental findings were present in the thoracic SC and represented hydromyelia lesion in three subjects and syringomyelia lesion in one subject. These subjects with syringomyelia or hydromyelia had no known neurological deficits and were clinically normal. Syringomyelia and hydromyelia are fluid-filled cavitary benign lesions that do not cause disruption of the adjacent cord tissue. Therefore the cord above and below the congenital lesion, which appeared normal on MRI, would be expected to be normal on DTI maps. The purpose of this study was to perform quantitative DTI measurements along the length of the entire SC in these subjects and in a TD population. Both group analysis (combined hydromyelia and syringomyelia cases) and single-subject DTI analysis relative to the TD population average was performed.
Methods

Subjects
Out of 26 TD pediatric subjects recruited as part of large SC DTI study, four subjects (mean age, 11.51 ± 3.62 years) had incidental findings of hydromyelia and syringomyelia. The enrolled TD subjects were recruited in a consecutive manner. A few TD subjects were recruited as siblings of some of our spinal cord injury population and a few through our colleagues or family members. These four TD subjects had no known neurological deficits and no known etiology to explain hydromyelia and syringomyelia and therefore represented a congenital process. Subjects were included in the study if they successfully passed a brief neurological screening assessing motor and balance function. In addition, subjects were asked about their past medical history which included questions related to positive muscle, bone, or sensory findings. The subjects who were unable to tolerate MRI without sedation; had infantile, juvenile or adolescent idiopathic scoliosis or; any abnormality of the nervous and/or musculoskeletal system were excluded. Written informed assent (child) and consent (parent) were obtained under the protocol approved by Institutional review board.
Data acquisition
The scans were performed using a 3T Verio MR scanner (Siemens, Erlangen, Germany) with a 4-channel neck matrix and an 8-channel spine matrix coil. Conventional T1-and T2-weighted MRI scans were obtained for all the subjects. The T2-weighted image of the cervical and thoracic SC in the sagittal plane was initially obtained using a gradient echo (GRE) sequence and was used to facilitate slice prescription for the subsequent scans perpendicular to the cord. Next, an axial GRE T2-weighted, sagittal T2-weighted 3D SPACE, sagittal turbo spin-echo (TSE) T1-weighted, sagittal TSE T2-weighted, and axial DTI scans were obtained for the subjects.
DTI data collection was acquired using an inner field of view (iFOV) sequence. The iFOV sequence was based on a diffusion sensitized single-shot echo-planar imaging sequence using 2D radiofrequency excitations which allows for higher in-plane resolution with fewer geometric distortions and improves signal-to-noise ratio [11, 12] . Manual shim volume adjustments were also performed prior to data acquisition in order to restrict the adjustment volume to the anatomy of interest in an effort to further improve signal.
The iFOV sequence was optimized for both signal and scan duration to image the entire pediatric SC. High inplane resolution axial diffusion-weighted images were acquired in the same anatomical location prescribed for the T2-weighted GRE to cover the cervical (C1-upper thoracic region) and thoracic (upper thoracic-L1) SC using two overlapping slabs that ensured complete coverage [13] . The imaging parameters for each slab of DTI acquisition included: FOV = 164 mm, phase FOV = 28.4% (47 mm), three averages of 20 diffusion directions images were acquired in addition to 6b0 images, b-value = 800 s/mm 2 , voxel size = 0.8 × 0.8 × 6 mm 3 , axial slices = 40, TR = 7900 ms, TE = 110 ms, and acquisition time = 8:49 min. Anesthesia was not administered to the subjects in this study and cardiac/respiratory gating was not used to keep scan times as short as possible.
Data processing
A central mask was applied to the raw DTI images to eliminate the anatomy outside the SC. Motion correction was performed first on the six b0 images to create a mean b0 image, and the diffusion-weighted images were subsequently co-registered to the mean b0 image [14] . The diffusion data sets were corrected for motion-induced artifacts based on 3D registration technique using an in-house software developed in MATLAB (MathWorks, Natick, Massachusetts) [14] . The technique uses rigid body transformation with six degrees of freedom (three translational, three axis rotations) paired with normalized mutual information as cost function to align target images (20 diffusion directional images) with the reference image (b0). A robust, iterative diffusion tensor estimation scheme, RESTORE, was implemented to ensure removal of data outliers from the final tensor fit [15] . All the processing was performed using in-house software developed in MATLAB [13] .
Region of interest analysis
After diffusion tensor estimation and generation of the diffusion maps, regions of interest (ROI) were drawn to extract information from the whole cord. Each ROI was manually drawn on grayscale FA maps at every axial slice based on the methodology from the previous paper along the cervical and thoracic SC [13] . For drawing the ROIs, slices corresponding to the anatomic regions with accurate vertebral levels were defined for the cervical and thoracic cord regions by a board-certified pediatric neuroradiologist. There was a consistent sparring of the outer margin of the cord of approximately one voxel width to minimize volume averaging with the cerebrospinal fluid. DTI parameters FA, mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) were quantified at each intervertebral disk level and at the mid-vertebral body level of the cervical and thoracic SC (C1 to Mid L1) in all subjects.
In this study, the subjects with hydromyelia had lesion from T3-T4 to T5-T6 (subject 1), Mid T6 to T10-T11 (subject 2), and T7-T8 to Lower L1 (subject 3) while the subject with syringomyelia had their lesion from Mid T3 to T4-T5 (subject 4). In all the four subjects, the cord was normal appearing above the lesion identified on conventional MRI. This normal appearing cord above a lesion was defined by the level of the most superior MR-defined lesion, which was at Mid T3. Hence, for group analysis, mean values from C1 to T2-T3 levels of these four subjects were compared to the corresponding levels of the averaged TD population. A group analysis of the normal appearing cord below the lesion was also performed. Three of the four subjects (subjects 1, 2, and 4) had normal appearing cord below the lesion identified on MRI. The lowest lesion (subject 2) was at the T10-T11 level and therefore the cord below this lesion level (mid T11 to the conus) was used for the group analysis and was compared to the same levels of the mean TD population. Subject 3 had a lesion that extended to the conus at the L1 level and therefore had no cord inferior to the lesion. For singlesubject analysis, the cord above (subjects 1, 2, 3, 4) and below (subjects 1, 2, 4) the lesion was compared to the corresponding levels of the averaged TD population, respectively.
Statistical analysis
Means with standard deviation were calculated for DTI parameters for the TD pediatric population and subjects with hydromyelia and syringomyelia. A standard least squares regression model based on restricted maximum likelihood (REML) was used to compare the DTI parameters between the TD population without any hydromyelia or syringomyelia (n = 22) and subjects with hydromyelia and syringomyelia (n = 4). This model was constructed by looking at the group differences between the TD population and subjects with hydromyelia and syringomyelia lesion by assuming ROI level and group (TD population/subjects with hydromyelia and syringomyelia lesion) composition were the fixed effects and the subjects modeled as a random effect. A p value of 0.05 was used throughout to determine the statistical significance. There was no correction performed for multiple comparisons. All statistical analysis was performed using JMP pro 13.0 software.
Diagnostic criteria for hydromyelia and syringomyelia
Hydromyelia is diagnosed with a MRI scan and findings represent a fluid collection that follows cerebrospinal fluid signal on all pulse sequences and is located centrally within the SC and pathologically represents a dilatation of the central canal. Syringomyelia represents a similar appearing fluid collection, however is present off midline within the SC and therefore represents a fluid collection that is not a dilated central canal.
Results
The findings of hydromyelia and syringomyelia lesion were radiologically confirmed for all the subjects on the T2-weighted MRI images (Fig. 1) .
Group analysis
We observed significantly increased MD (p = 0.010) and significantly decreased AD (p = 0.007) values in the cord above the highest lesion (Mid T3) compared to the TD population (Table 1) . However, no significant difference in DTI parameters was observed in the cord below the lowest lesion (T10-T11) as compared to the TD population (Table  2) .
Single-subject analysis DTI parameters were significantly different in the cord above the syringomyelia lesion in subject 4 compared to the TD population (Table 3 ). In subject 4 the DTI values showed a significant decrease in FA (p < 0.0001), increase in MD (p < 0.0001), decrease in AD (p < 0.0001), and increase in RD (p < 0.0001) above the syringomyelia lesion. However, no significant difference in DTI parameters were found in the cord above the hydromyelia lesion in subjects 1, 2, and 3 (Table 3 ). In the cord below the hydromyelia lesion, no significant difference in DTI parameters were found except for a significant decrease in FA (p = 0.015) in subject 1 (Table 4 ). In the cord below the syringomyelia lesion (subject 4), MD (p = 0.0006) and RD (p = 0.0003) were significantly increased while AD (p = 0.0066) was significantly decreased compared to TD population respectively (Table 4) .
Discussion
To our knowledge, this study is the first to examine changes in the DTI parameters of the entire cord above and below the hydromyelia and syringomyelia lesion in the TD pediatric subjects with no known focal neurological deficits. Based on the literature, the incidence of hydromyelia and syringomyelia is uncommon to rare [9] . In our study of 26 TD pediatric subjects scanned, 16% had unexpected incidental findings of syringomyelia or hydromyelia. This increased incidence was unexpected in our TD population, however, it does not represent a selection bias. The TD subject selection was completely random and consisted of siblings of our spinal cord injury population and children of colleagues and family members. It was fortuitous that we were able to find the four TD subjects with these incidental findings. An apriori theory was that the cord above and below these congenital lesions should not be statistically different from the TD population. This is based on the lesions in this population which were incidental MR findings with no prior history of SC abnormality or focal neurologic findings. Also, a prior study by Yan et al. showed no DTI abnormality in patients with syringomyelia lesions [10] . Our results however showed DTI cord abnormality above and below these lesion using both group and individual analysis. In group analysis, the cord above the lesion in all four subjects showed abnormal DTI metrics. Using single-subject analysis, we found that DTI parameters were significantly different in the cord above the syringomyelia lesion, while cord above the hydromyelia lesion showed no FA fractional anisotropy, MD mean diffusivity, AD axial diffusivity, RD radial diffusivity, TD typically developing, DTI diffusion tensor imaging *p Value ≤ 0.05 indicates statistical significance significant DTI differences compared to the TD population.
In the cord below the syringomyelia lesion in subject 4, MD, AD, and RD were significantly different, using singlesubject analysis, compared to TD population. Additionally, using single-subject analysis, a subject with hydromyelia showed significant difference in FA in the cord below the lesion. The use of DTI to quantitatively assess the microstructural changes in the clinically normal pediatric subjects with hydromyelia and syringomyelia has not been reported. Previous studies have evaluated cervical syringomyelia in adult patients using DTI [16, 17] . Agosta et al. reported the presence of preserved white matter tracts around and beyond the syrinx despite the cervical syrinx visible on the T2-weighted image in one patient with cervical syringomyelia and multiple sclerosis [16] . Roser et al. found that FA values were lower at the level of the syrinx and were normalized at the levels beyond the syrinx in six patients with small focal cervical syringomyelia [17] .
Yan et al. investigated DTI parameters in pediatric patients (mean age, 14.6 years) with syringomyelia secondary to Chiari I malformation and found decreased FA values at the syrinx levels suggesting increased microstructural damage within the SC parenchyma at this area [10] . In our subjects with hydromyelia and syringomyelia, we did not examine the DTI characteristic of the congenital lesion itself since this would clearly yield abnormal DTI values due to volume averaging with the benign cerebrospinal fluid and adjacent cord tissue. Therefore, in this study, we looked at the cord above and below the congenital lesion and performed both group analysis and single-subject analysis. Yan et al. did a group analysis on 23 patients with syringomyelia and their results showed no evidence of FA change in the levels surrounding the syrinx cavity area i.e. above and below the syrinx as compared to the control group [10] . However, in our current study, we found significant MD and AD changes in the cord above the highest lesion in the group analysis of small number of subjects (n = 4). In our study we obtained the DTI parameters of the entire continuous segments of the cervical and thoracic cord while Yan et al. limited their data collection to only the cervical cord area. Based on Yan et al. findings and the fact that we studied TD subjects with no known neurological deficits, we expected normal DTI values in the cord, however the cord above the lesion was significantly different than the TD population suggesting that microstructural changes could be found in the normal appearing MRI cord above the benign syrinxes. Significantly increased MD and decreased AD values in the cord above the congenital lesion may represent microscopic degeneration of the fiber tracts at the lesion site, causing more wallerian degeneration in the cord above the lesion than below the lesion, as we did not find significant DTI differences in the cord below the lesion using group analysis. The increased use of MRI found that some patients had small syrinxes with few or no symptoms. These cases were termed as hydromyelia and found slit-like central cerebrospinal fluid signal fluid collections which were fully contained in the central canal [18] . Another study showed that those patients with hydromyelia had nonspecific symptoms and hardly any neurological deficits [19] . In theory, hydromyelia represents a more benign cystic abnormality in the cord compared with syringomyelia. It can also be difficult to differentiate between a small nonpathological dilatation of the central canal (hydromyelia) and a syringomyelia [20] . DTI values could be used to detect the changes in the SC due to the syrinx cavities beyond the abnormalities visible on MRI. Roser et al. performed single-subject analysis of six adult patients with cervical syringomyelia and found that FA values were lower at the level of syrinx but normalized outside the syrinx suggesting that this syrinx may not represent a syringomyelia but a hydromyelia might be present [17] . In addition to group analysis, in our study single-subject analysis was also performed. It is important to investigate at a single-subject level the DTI changes in the cord as this may have future clinical utility. In our single-subject analysis of TD pediatric subjects, we found that the cord above the syringomyelia lesion (subject 4), demonstrated a significant decrease in FA, AD and significant increase in MD and RD compared to TD population. These changes may be associated with demyelination and degeneration of neural tracts in the cord above the syringomyelia lesion, hence increased barriers reducing water diffusivity along the axons and increased water diffusivity in the plane perpendicular to axons [21, 22] . Syringomyelia may have a different etiology, in comparison to hydromyelia, possibly representing a combination of congenital and acquired factors such as a subclinical prior demyelinating, traumatic, or infectious/inflammatory process. The cord above the hydromyelia lesion in subjects 1, 2, and 3 showed no significant differences in DTI parameters suggesting that hydromyelia is likely a more benign process than syringomyelia. However, in the cord below the hydromyelia lesion, no significant difference in DTI parameters was found except for FA in subject 1. In the cord below the syringomyelia lesion, MD, AD, and RD were significantly different compared to the TD population. This suggests that microstructural tissue alterations might be found in the cord below both the syringomyelia and hydromyelia lesions. The clinical relevance of a syrinx in the normal subjects is not always clear. In this study, DTI abnormalities in the cord above and below the congenital benign appearing syrinxes suggest the presence of evolving SC pathology not seen on conventional MRI. The pathology of the SC above and below the syrinxes may be one of the mechanisms linking syrinx to the neurological signs or symptoms in future data population.
The limitation of this study is the low number of subjects with hydromyelia and syringomyelia lesion as these MR findings are uncommon to rare in a TD population with no known neurological deficits. Future work with large number of subjects will be needed to assess the DTI differences in the cord above and below these lesions.
Conclusions
Despite the small sample size in our study, there were statistically significant findings in the DTI metrics. Hence this study underlines the importance of DTI to obtain quantitative information of the pathological characteristics of the tissue beyond the abnormalities visible on conventional MRI and demonstrates that DTI may have the potential to be used as an imaging biomarker. Future research is needed to define the standardized age-matched TD DTI data sets as well as the DTI analysis of selected white matter tracts and finally the reproducibility of these data sets. The finding of DTI abnormalities in TD subjects with congenital syringomyelia have not been previously described and differ from previous studies that showed normal DTI parameters in syringohydromyelia in subjects with Chiari I malformations. This study suggests that subjects with syringohydromyelia should not be included in a DTI analysis of a normative data population.
